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We present experimental observations of atom-light interactions within tens of nanometers (down
to 11 nm) of a sapphire surface. Using photon counting we detect the fluorescence from of order one
thousand Rb or Cs atoms, confined in a vapor with thickness much less than the optical excitation
wavelength. The asymmetry in the spectral lineshape provides a direct read-out of the atom-surface
potential. A numerical fit indicates a power-law −Cα/rα with α = 3.02 ± 0.06 confirming that
the van der Waals interaction dominates over other effects. The extreme sensitivity of our photon-
counting technique may allow the search for atom-surface bound states.
Atomic vapors are continuing to find new applica-
tions in quantum technologies such as chip-scale atomic
clocks [1]; magnetometry [2, 3]; magnetoencephalogra-
phy [4]; an atom-based optical isolator [5]; quantum
memories [6]; frequency filtering [7, 8]; and in the field
of nanoplasmonics (see refs. [9, 10] for reviews). As the
miniaturization of these technologies progresses, many of
these systems eventually reach the scale where the prox-
imity of the atoms to a surface becomes significant. In
this case a thorough understanding of the atom-surface
interactions is essential. Many of the above applica-
tions use atoms in ground states or low-lying excited
states, where the atom-surface (AS) interaction is rel-
atively small as the induced dipole is only a few De-
bye. Even so, the AS interaction can still have a sig-
nificant effect if the surface is in the near-field of the
atom, that is, within a fraction of the transition wave-
length, λ, of the induced dipole. In this regime the atom-
surface potential is governed by an inverse power law
UvdW = −Cα/rα where Cα is the coupling coefficient
and r is the atom-surface distance. For an uncharged
surface with r < λ one expects a van der Waals inter-
action with α = 3 [11]. However, if charges are present
on the surface the Coulomb interaction may be larger
than the van der Waals interaction, leading to a modifi-
cation of α. The atom-surface potential is also strongly
influenced by the presence of surface modes such as sur-
face polaritons. However, for alkali atoms these couple
more strongly to intermediate excited states where the
energy level spacing is in the Terahertz region [12–16].
Very close to the surface, bound states of the AS po-
tential can be exploited, as recently demonstrated using
He scattering from LiF surfaces [17]. The combination
of bound states and surface resonances potentially al-
lows guiding or trapping of atoms in close proximity to
the surface [18]. This could lead to a new type of hy-
brid nanoscale atom-surface metamaterials, with atoms
trapped in small channels that can be etched into any
conceivable geometry, using focussed ion beam milling,
for example [19].
The atom-surface interaction may be studied using a
variety of methods. Scattering or deflection of an atom
beam from a metallic surface [20–25]; deflection of an
ultra-cold atomic cloud from an atomic mirror [26, 27]
or diffraction of an atomic beam [28, 29] have all been
demonstrated. In these examples detection occurs after
the interaction has taken place. For measurements of
near-field effects at specific length scales such as atomic
guiding, real-time in-situ detection is preferable. Spec-
troscopic studies can be used, though at the cost of prob-
ing the difference in AS interaction between two atomic
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FIG. 1. (a) Atom-surface potential in the nanocell (NC)
due to both walls (dashed lines) and combined (blue line).
(b/d) The effect of the atom-surface interaction on an initially
Lorentzian spectral line (black dashed curves) is to shift the
peak position, and create a pronounced asymmetry between
the red and blue wings (red curves). The amount of asymme-
try is a direct readout of the exponent α, as demonstrated by
the four solid lines which are calculated with α = 4, 3, 2, 1.5
(top to bottom). Panel (c) shows a schematic of the experi-
mental setup used to detect off-axis fluorescence. NDF - neu-
tral density filter; L - lens; NC - nanocell; IF - interference
(bandpass) filter; PD - photodiode; SPCM - single photon
counting module. Finally, a photo of the Cs nano-cell used in
the experiment is shown in the inset to panel (d). At the cen-
ter of the Newton’s rings interference pattern the thickness of
the vapor column is 50 nm.
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2states. Considerable insight has been gained using of
frequency-modulated selective reflection (FMSR) spec-
troscopy in atomic vapors [30–33], which probes the va-
por with a distance of order λ from the surface. Although
FMSR is useful in determining the average shift from
zero-crossings, extracting detailed information from the
lineshape is complicated by the effects of dipole-dipole in-
teractions between atoms, leading to self-broadening [34]
and shifts [35], and for parallel surfaces the windows act
as a low-finesse etalon which adds further complication
to transmission and selective reflection signals [36, 37].
In this work we detect fluorescence from an atomic va-
por with nanoscale thickness, and use photon counting
to probe the atom-surface interaction at low atomic den-
sity where other interactions are negligible. This yields
optimum resolution of the spectral lineshape, which is a
direct probe of the AS potential.
By fitting this high-resolution data to a comprehensive
model of the atomic susceptibility, which has previously
been used to model transmission and refraction in ther-
mal temperature vapor cells in a range of experimental
regimes [5, 34, 35, 38–42], we extract the atom-surface
interaction and thereby calibrate the position of an atom
emitting at a particular frequency. Using this method,
we are able to detect atoms within 10-15 nm of the dielec-
tric surface. The possibility to exploit this length scale
opens interesting prospects for strong coupling between
atoms and nanoscale plasmonic structures or localized
polaritons [18].
Figure 1 illustrates the general principle of our ex-
periment, and the expected fluorescence lineshapes. By
confining the vapor between two surfaces, the interac-
tion volume and hence the distribution of van der Waals
shifts, as shown in Fig. 1(a), is independent of other vari-
ables such as the atomic density. The overall potential
UvdW (red solid line) is the sum of both surfaces (dashed
lines), and so has a minimum at the center of the cell,
which quickly diverges at either surface. In the absence
of the AS interaction, the fluorescence lineshape is best
approximated as a symmetric Lorentzian function (owing
to Dicke narrowing, the fluorescence lineshape is not the
usual Gaussian seen in conventional thermal vapor cells).
The AS interaction causes an asymmetry in the fluores-
cence lineshape, as shown in Fig. 1(b/d), and therefore
gives a direct read-out of the AS potential. This is most
striking when shown on a log scale (panel (b)), though is
also evident on a linear scale, where the shift of the peak
is more obvious. The experimental set-up and the cell
are illustrated in Fig. 1(c) and 1(d) inset, respectively.
The laser is scanned across resonance and fluorescence
photons are counted on a single photon counting module
to acquire a spectrum. In addition to the off-axis fluo-
rescence, we also detect transmitted light, however the
amount of absorption at the densities considered in this
work is small, typically < 0.1%, so no useful signal is ob-
tained here. The probe laser power is around 1 µW and
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FIG. 2. (a) Fluorescence from a Rb vapor with thickness
` = 350 nm at a temperature T = 85◦C, integration time ap-
proximately 15 minutes. At this thickness the atom-surface
interaction is negligible and owing to strong Dicke narrowing,
the lineshape of each hyperfine transition is well approximated
by a Lorentzian with a (fitted) FWHM of 59± 1 MHz, and it
is therefore possible to resolve each hyperfine transition. For
comparison, the the grey outline shows the fluorescence signal
expected from a conventional Doppler-broadened vapor. (b)
Fluorescence from a vapor with thickness ` = 60 nm at a tem-
perature T = 150◦C, integration time approximately 1 hour.
The atom-surface interaction significantly shifts the center of
the fluorescence peaks, and because of the decreased time-
of-flight of the atoms the lines are broadened. However, the
linewidth is still narrower than the Doppler width. (c) Fluo-
rescence from a vapor with thickness ` = 50 nm at a tempera-
ture T = 130◦C, integration time approximately 8 hours. Due
to the thickness of the vapor and the reduced number den-
sity, the signal-to-noise (SNR) is much weaker than in panel
(b), even though the data has been binned more coarsely.
However, a good fit to our theoretical model is still achieved.
In this panel the asymmetry between red- and blue-detuned
wings is most pronounced. In all panels, N is the mean num-
ber of atoms probed at any one time by the laser. Zero detun-
ing represents the weighted center of the Rb D2 absorption
line.
the beam is focussed to a waist (1/e2 radius) of 30 µm
inside the cell. The background counts due to thermal
photons from the heater accumulate at a constant rate
and are subtracted from the data during post-processing.
For spectroscopic reference and calibration, we also
monitor the transmission of the laser light through a
7.5 cm vapor cell, and linearise the laser scan using a
Fabry-Perot etalon, in the same way as our previous
work [34, 35, 38]. More details on the photon counting
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FIG. 3. Fluorescence from a Cs vapor with thickness ` =
150 nm at a temperature T = 140◦C, integration time ap-
proximately 8 hours. At this thickness the atom-surface in-
teraction is small (20 ± 1 MHz peak shift), but measurable
with this detection technique. Fitting these data to our model
yields an excellent fit and from this we are able to extract a
C3 coefficient for the AS interaction (see main text). The
Dicke narrowing is still particularly striking at this thickness
- even though the atoms are at most 75 nm from the surface,
the fitted linewidth is only 86± 1 MHz. Zero detuning is the
resonance frequency of the Cs 6S1/2 Fg = 4 → 6P1/2 Fe = 3
transition.
technique can be found in ref. [37].
Figure 2 shows fluorescence spectra in Rb vapor at
various cell thicknesses. In panel (a) we show fluores-
cence from a vapor with thickness ` = 350 nm, at a
temperature T = 85◦C which corresponds to an atomic
number density N = 2 × 1012 cm−3. With this den-
sity and our beam geometry the laser interacts with on
average around N = 900 atoms at any one time; the va-
por has a peak optical density ∼ 5 × 10−3. Compared
with the normal Doppler profile (grey area), the spec-
tra are considerably narrower. After fitting to our model
we extract a Lorentzian linewidth of 59 ± 1 MHz. At
` = 350 nm (b) the AS interaction is negligibly small. In
panels (b) and (c) we present data where the AS interac-
tion is significant. At ` = 60 nm spectral broadening due
to reduced time-of-flight and dipole-dipole interactions
(self-broadening) impairs resolution of individual hyper-
fine resonances, but a shift of the spectral features is
noticeable, and is most pronounced on the two strongest
(85Rb) spectral features. At ` = 50 nm (c), we reach the
minimum width at which it is still possible to obtain a
reasonable fit to the model. Here we use a lower temper-
ature to reduce dipole-dipole interactions, but this comes
at the cost of reduced SNR. However, we still achieve a
good fit. As the atoms are never more than 25 nm from
a surface, both the shift and asymmetry of the spectral
lines due to the AS interaction are significant.
Whilst in principle one could extract a C3 coefficient
from the shift of the peak position relative to the un-
shifted position (black dashed line) this is difficult due
to the many overlapping lines. A better approach is to
fit the full spectral profile, which we do by fitting to our
model with a floating C3 parameter. To compute the line-
shape, we convolve the surface potential with the atomic
response in the absence of a surface potential, and assum-
ing that the atomic interactions are uniformly distributed
over the cell.
We vary the cell thickness from 50 nm to 390 nm (λ/2)
to obtain many data sets like the ones in figure 2. By
fitting all of the data with shared parameters, we ex-
tract an AS interaction strength C3 = 1.2±0.3 kHz µm3
for the Rb 5S1/2 → 5P3/2 transition. This is in reason-
able agreement with a theoretical value of 1.8 kHz µm3
(taken from ref. [43] correcting for the surface reflectiv-
ity), and the relatively large error bar is probably due
to the fact that each hyperfine transition has a slightly
different dipole moment and thus a slightly different C3
coefficient. However, fitting the data with 12 free inter-
action parameters instead of just one is computationally
infeasible. Fitting these data with a surface potential of
the form −Cα/rα, where α is a floating parameter, al-
lows the verification of the expected van der Waals r−3
power-law. Fitting all our data we extract a weighted
average α = 3.02 ± 0.06, confirming that there are no
surface charges or other contaminants, and that the AS
interaction follows the expected van der Waals form.
In contrast to the complexity of the Rb D2 line, the
Cs D1 line is much simpler. In this system, the in-
creased hyperfine splitting and the presence of only one
isotope makes possible the investigation of individual hy-
perfine transitions. The ground state hyperfine splitting
is over 9 GHz and the excited state hyperfine splitting
is 1.17 GHz, still more than the Doppler width. Ex-
ample data are shown in figure 3, for a cell thickness
` = 150 nm at a temperature T = 140 ◦C, corresponding
to a Cs atomic density N = 1.4 × 1014 cm−3. At this
density, we expect the dipole-dipole interactions between
atoms to contribute 11 MHz to the total linewidth. We
extract from the fit a total Lorentzian linewidth of just
(86 ± 1) MHz, and attribute the additional width to a
time-of-flight broadening due to the cell geometry.
The relative narrowness of the peaks and good SNR
means that we can detect shifts on the order of a few MHz
with high precision, as shown in the inset of figure 3. In
this case the shift of the peak is (20±1) MHz, where the
error bar is based on fitting just the peak of the data to a
Lorentzian. As we scan over only two transitions, the full
spectral analysis is much simpler, and for the data shown
we achieve a reduced χ2 parameter of 1.75, indicating an
excellent fit [44].
Though the shift is clear from figure 3, the asymmetry
in the lineshape is not particularly apparent. In figure 4
we plot the same data on a logarithmic scale. The de-
viation in the red wing from the symmetric Lorentzian
(red line) is immediately apparent. The small deviation
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FIG. 4. The grey points and error bars show the same fluo-
rescence data as figure 3, but shown on a logarithmic scale.
Whereas the asymmetry in the lineshape may not be appar-
ent from figure 3, when plotted on a log scale the difference
from a Lorentzian (red curve) that is fitted to the blue-wing
of the data is striking. The fluorescence at any given laser fre-
quency detuning maps directly onto the distance of an atom
from (either) one of the surfaces of the cell. By processing the
photon arrival data into (uneven) frequency bins (blue bars,
normalised by population density) whose width represents a
distance ±0.5nm from the surface, we increase the effective
signal-to-noise ratio (SNR) over the normal evenly binned
data (grey points). These data are clearly above that which
would be expected from a standard Lorentzian resonance line
(solid red line), and confirms the detection of atoms within
11 nm of a sapphire surface. For these data we are limited by
the scan range of the laser, not SNR.
on the blue wing is due to the other hyperfine transition
at a detuning of 1.17 GHz.
Since the AS interaction maps atomic position to a
frequency shift, we can interpret the fluorescence data
as a direct readout of the atomic position in the cell.
On the alternate axis in figure 4 we bin the data into
non-uniform frequency steps such that the width of one
bin corresponds to an atomic position change of 1 nm.
Because the bins are so large in the wing of the reso-
nance, this dramatically increases the SNR. From this,
we can conclusively detect atoms (11.0 ± 0.5) nm away
from a surface, the signal level is many standard errors
above that expected from the normal Lorentzian wing.
Using the same procedure employed for Rb, we take a
range of data where we vary the cell thickness between
80 nm and 200 nm and fit all the data with a combined
C3 parameter. From this, we extract a spectroscopic C3
of (1.9 ± 0.1) kHz µm3 between sapphire and the Cs
5S1/2 → 6P1/2 transition, in agreement with previous
work [30].
The reduced detection efficiency owing to the
wavelength-dependent quantum efficiency of the SPCMs
and quality of bandpass filters available means that de-
tecting Cs fluorescence is technically more difficult. The
increased sensitivity to thermal photons produced in the
cell heater also limits the maximum atomic density that is
feasible to investigate using the current equipment. How-
ever, the main limit in the current experiment is how
far we can scan the laser, not SNR. In future work we
will investigate the region farther out in the red-detuned
wing and look for a signature of atom-surface bound-
states, which have been predicted to occur at a detuning
of around -20 GHz [45].
In conclusion, we have demonstrated a simple method
for in-situ detection of atoms a small fraction of a wave-
length away from a dielectric surface, and used this
method to investigate the AS interaction between sap-
phire and both Rb and Cs vapors in their first excited
states. The spectral lineshape is directly connected with
the surface potential, and by analysing the spectroscopic
data we have both confirmed the expected 1/r3 power-
law and from this calculated the C3 interaction strength
coefficients for Rb and Cs. This technique could be used
to probe long-range atom-surface bound states [45], or
for the detection of atoms confined in nano-cavities which
could find application as part of a micromechanical reso-
nantor system, similar to those in ref. [46]. These topics
will form the basis of future research.
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